The ECORS-Truc Vert'08 nearshore field experiment: presentation of a three-dimensional morphologic system in a macro-tidal environment during consecutive extreme storm conditions
Introduction
Exploring nearshore morphodynamic and hydrodynamic processes has been a challenging task in the last two decades. Our understanding of physical processes has been significantly improved through the many field experiments conducted by researchers worldwide. Field observations are an important source of information to identify new processes, generate and test new hypotheses and ultimately improve prediction skills of nearshore evolution. Moreover, they provide the only possibility for studying hydrodynamic and sediment transport processes under natural conditions. Collecting field data remains a key objective in coastal research for many other reasons; it allows model calibration and validation, and it drives, informs and complements controlled laboratory experiments. Barred beaches have received great attention in the coastal morphodynamic literature thanks to short-duration (< weeks) field experiments (amongst many others, Thornton et al. 1996; Gallagher et al. 1998; Ruessink et al. 1998; Ruessink et al. 2001; MacMahan et al. 2005; Aagaard et al. 2005; Masselink et al. 2008; Bruneau et al. 2009 ), long-term (> years) observations (amongst others Ruessink and Kroon 1994; Plant et al. 2001; Van Enckevort and Ruessink 2003a, b; Ranasinghe et al. 2004; Turner et al. 2007; Quartel et al. 2007; Senechal et al. 2009 ), numerical modelling approaches (amongst others Reniers et al. 2004; Garnier et al. 2006; Hsu et al. 2006; Dronen and Deigaard 2007; Smit et al. 2008 ) and physical modelling approaches (e.g. Grasso et al. 2009; Castelle et al. 2010) .
Many studies have shown that nearshore wave transformation, circulation and bathymetric changes involve coupled processes at many temporal and spatial scales (amongst others Symonds and Ranasinghe 2000; Plant et al. 2001; Feddersen et al. 2003; Coco and Murray 2007; Ruessink et al. 2007 ; Thornton et al. 2007 ) thus implying the need to improve our knowledge over the full spectrum of scales to achieve a comprehensive view of the natural system. As reported by Thornton et al. (2000) , 'the properties of waves incident from deep water and the beach profile (large-scale properties) determine the overall characteristics (e.g. surf zone width) of nearshore waves and flows (intermediate-scale properties). However, small-scale processes control the turbulent dissipation of breaking waves, bottom boundary layer and bedform processes that determine the local sediment flux. Cross-and alongshore variations in waves, currents, and bottom slope cause spatial gradients in sediment fluxes resulting in large-scale, planform evolution (e.g. erosion or accretion). As the surf zone bathymetry evolves, so do nearshore waves and currents that depend strongly on this bathymetry. ' Over the past decades, the traditional focus in nearshore research was on the intermediate scale, i.e. the cross-shore profile approach in waves, currents, sediment transport mechanisms and morphological change (amongst many others, Gallagher et al. 1998; Masselink et al. 2008; Grasso et al. 2011 ). For example, many works have reported that sand transport was dominated by suspension in high-energy environments and that undertow and rip currents (intermediate scales) thus play an important role in sediment transport and beach erosion processes (amongst others Ruessink et al. 1998; Thornton et al. 2007 ). However, to understand and predict the cross-shore gradients in the sediment transport and hence beach changes, it is important to understand local sediment fluxes (i.e. small-scale processes). Field data indicate that bedforms and grain size are key parameters for predicting nearshore sediment transport. For example, a variety of bedforms results in a widely varying bed roughness, which is an important feedback factor for suspended sediment transport processes (amongst others Grasmeijer and Van Rijn 2001; Gallagher et al. 2003) . Effects of ripples, surface-generated turbulence and bottom boundary layers, are crucial in understanding sediment transport.
However, even on relatively straight beaches, the assumption of alongshore uniformity does not necessarily hold. Field evidence indicates that even in the case of a simple straight uniform coast, 3D patterns of water and sediment fluxes are observed, e.g. longshore current oscillations known as shear instabilities (amongst others Oltman-Shay et al. 1989; Dodd et al. 2000; Ruessink et al. 2001; Noyes et al. 2004 ) and transient rip currents (amongst others Symonds and Ranasinghe 2000; Johnson and Pattiaratchi 2004) . Clearly, on beaches with bathymetric variations (e.g. rip channels), a single cross-shore profile does not suffice. Field examples are provided by morphologic control of surf zone circulation (amongst others Castelle et al. 2006; MacMahan et al. 2008; Bruneau et al. 2009 ). Holman and Bowen (1984) , Bowen (1996, 1998) and (amongst others) provide examples of morphologic control of infragravity wave processes. Today, there is a real need to go through at least horizontal, 2-dimensional (2DH) approaches, thus including the large-scale domain.
Tidal effects are also poorly understood despite field experiments that have shown that tides can determine the type, intensity and duration of the wave processes operating on the cross-shore profile (Kroon and Masselink 2002; Price and Ruessink 2008) . Tides can modulate hydrodynamic processes such as surf zone circulation (Thornton and Kim 1993; Castelle et al. 2006; Bruneau et al. 2009 ) and wave breaking and control surf and swash bar dynamics (Reichmüth and Anthony 2007) . Tides (particularly in meso-to megatidal environments) are also a key parameter in dune erosion. They allow, under spring tide conditions and associated to storm surges, the swash zone to operate on the upper beach, including dunes or cliffs and thus generating strong erosion (Ruggiero et al. 2001; Ruz et al. 2009 ).
There can be no doubt that a better understanding of beach vulnerability to storms will be required over the coming decades, especially given the prospect that global warming may induce more intense storms that could have a catastrophic impact on our coastlines. On the whole, there is still a lack of understanding of nearshore morphodynamics during a single storm and the subsequent recovery period but also more generally a rapid succession of storm/ post-storm conditions. Most of the previous field experiments, including those that involved the collection of comprehensive data, have been conducted during low-to high-energy waves (offshore significant wave height H s < 5 m). One of the key questions is to investigate whether our knowledge of the hydrosedimentary processes occurring during calm to moderate wave conditions can be extrapolated to extremely energetic conditions or whether other processes take over. This question motivated the Truc Vert'08 nearshore experiment. In particular, one of the main goals of TV'08 was to collect detailed observations spanning the full range of space and time scales and thus allowing for future detailed analysis of various processes and possible relationships between the different scales. At the same time, there is also still a lack of understanding complex 3D morphologies in meso-to macro-tidal environments, even under moderate conditions. TV'08, by incorporating extreme storm waves (significant wave height up to 8 m in 20 m water depth), macro-tidal conditions and complex 3D morphology, will certainly allow new insights in nearshore processes and hit the monetary scientific discussion in coastal morphodynamics.
Because of its complexity, TV'08 implied numerous nearshore teams, each being in charge of a specific topic. The future merging of all the data should provide a synoptic view of the dynamic of these complex 3D morphologies under macro-tidal conditions and energetic to extremely energetic conditions. Table 1 lists the 19 organisations that participated, involving more than 120 scientists, engineers, technicians, military personnel and students. Figure 1 provides the main topics of interest at different temporal and spatial scales. Small-scale processes typically include processes occurring over one single 'swash' or 'wave' event, while intermediate-scale processes include processes occurring over many 'swash' and 'wave' events. Finally, large-scale processes include processes occurring over several tides.
The purpose of this paper is to give an overview of the field experiment by providing the general settings including offshore conditions and a review of morphological evolution. Snapshots of the results are also presented. The paper is organised as follows: Section 2 presents the field area. Section 3 provides a detailed presentation of the instrument layout and associated measurements and presents the hydrodynamic conditions. Finally, Section 4 presents snapshots of results obtained on the small and intermediate scales with a review of large-scale morphology evolution.
Field area

Regional setting
Truc Vert beach (TVB) is situated on the southern part of the French Atlantic coast (Fig. 2a, b ) and is typical of the relatively natural coast extending 100 km between the Gironde Estuary (90 km to the north) and the Arcachon inlet (10 km to the south). This sandy coast is almost N-Sorientated and bordered by high aeolian foredunes. TVB is situated far from human infrastructure, thereby allowing detailed analysis of natural processes to be obtained on a non-engineered coast. The sediment consists primarily of medium-grained quartz sand with a median diameter of about 0.35 mm (Lorin and Viguier 1987) . During Truc Vert'08, however, variations in median diameter ranging from 0.30 to 0.55 mm were observed both cross-shore and alongshore (Gallagher et al. 2011 ).
Truc Vert beach large-scale morphodynamics
TVB is low sandy coast with beach face slopes varying between 0.03 under high energetic conditions and 0.06 under moderate conditions. TVB exhibits complex 3D and highly dynamic morphologies commonly involving two distinct sandbar systems. The inner bar, generally situated in the lower inter-tidal domain, can evolve through all the morphological states within the intermediate classification (see Wright and Short 1984; Masselink and Short 1993) and usually exhibits a transverse bar and rip morphology ) that can evolve into a low-tide terrace with a mean wavelength of 400 m after long periods (at least 10 days) of fair weather conditions (De Melo Apoluceno et al. 2002; Castelle et al. 2007 ). The outer-bar system, situated about 800 m offshore of the high-tide shoreline in water depths less than 10 m at high tide, exhibits persistent crescentic patterns with a narrow range Castelle et al. 2007 ) of about 700 m (Lafon et al. 2004) . Various aerial photographs and visual observations suggest that a 10-year storm may be required to straighten the outer bar (Castelle et al. 2007 ).
Truc Vert beach hydrodynamic setting
TVB experiences an annual mean spring tide range of 3.7 m. Tidal currents in the nearshore are essentially absent. The wave climate is moderate with an annual mean significant wave height of 1.4 m and a mean period around 6.5 s, but a strong seasonal dependence is also evident (waves are higher in winter than in summer, see Butel et al. 2002 for a wave classification on the Aquitanian coast). During storm conditions, maximum offshore wave heights can reach up to 14 m in 20 m depth. Because of the presence of the subtidal bar, situated at about 800 m from the shoreline, the surf zone extends several hundred of metres during storm conditions and inshore significant wave heights are depth-limited generally less than 3 m, even during spring high tides. TVB is an interesting and challenging study site because of its complexity. Many data sets were collected at TVB over the last decade (Senechal et al. , 2002 (Senechal et al. , 2004 Castelle et al. 2006; Masselink et al. 2008 ), but none covered detailed observations of hydrodynamic processes and morphological response over a broad range of scales and conditions. The observations were also limited to the intertidal morphology with no continuous observations of the subtidal morphology. Furthermore, previous observations at TVB were collected under relatively mild storm conditions as offshore significant wave heights never exceeded 4 m.
General layout of the field experiment
Truc Vert'08 was conducted during winter 2008. Sensor deployment in the inter-tidal area was from 3 March to 6 April. Most of the sensors presented in this section were deployed during the entire period but owing to very intense conditions, some of them were damaged, thus reducing their sampling period. Two weeks before the beginning of the experiment, bathymetric surveys were performed by the French Hydrographic Service (SHOM) together with topographic surveys and high-resolution remote sensing data acquisition (Fig. 2c ). This step was essential to specify the exact position of the experiment site which should cover the 3D patterns in the inner and outer sandbars. In particular, this was critical to determine the area of daily topographic surveys to scale to the typical size of the observed bar systems. The selected area, extended 900 m in the alongshore, included one complete subtidal bar with two well-developed horns (Fig. 2c ) and two to three rip channels and shoals on the complex inner bar. The experiment required installing a field camp on the higher part of the beach to provide power for instruments, storage Fig. 2 Field area location a on the French Atlantic coastline b between the Gironde estuary and the Arcachon lagoon. c Beach configuration and general instrument deployment: remote sensing data 2 weeks previous to the field experiment. Outer crescentic bars are welldeveloped, the red rectangle corresponds to the inter-tidal area of instrument deployment (see Fig. 5 for the details), the white circles represent the wave/ current profilers deployed in the subtidal area and the two black lines represent the limit of video coverage and office space for computing and instrument control, internet access and GPS time as TVB is far from any human infrastructure.
3.1 Offshore wave and tide conditions during Truc Vert'08 Sea state during the experiment was measured with two directional Mark III Datawell waverider buoys anchored in 20 and 50 m depth. The waverider buoy anchored in 50 m was situated about 10 miles south west of the field area, and the waverider buoy anchored in 20 m was situated directly in front of the field area, about 1.5 km from the shore (Fig. 2c) . Figure 3 illustrates the offshore wave and tidal conditions as measured by waverider buoys anchored in 20 m water depth. Waves ranged from small swells with significant heights (H s ) less than 2 m and peak periods (T p ) of 12 to 18 s, to heavy seas with maximum H s of 8.1 m, in the night from March 10 to March 11, associated with a peak period of 16 to 18 s as the wave height decreased slowly on March 11. This event (hereafter referred as the 8.1-m H s storm), considered as a major storm for this coast, coincided with spring tide conditions and large associated tidal amplitudes (around 4 m) and was also characterised by a narrow frequency and directional band spectrum. The waves had an oblique northwesterly incidence (about 10°). Waves generated during a different storm on March 16 (H s up to 5 m and hereafter referred as the 5-m H s storm) had a nearly normal incidence and coincided with neap tide conditions and small associated tidal amplitudes (around 2 m). A less severe sea state episode from 21 to 31 March was associated with much more oblique northwesterly waves which approached the beach at up to 25°(from the northwest). Overall, during the whole experiment, Truc Vert experienced very high-energy conditions compared to the typical winter wave climate (winter mean H s =1.57 m and mean period around 7.5 s, see Butel et al. 2002) . In addition, there was an unusual succession of very energetic events (H s >4 m) over a short period of time, while a succession of several <3 m events is more representative for this stretch of coast during winter periods. Figure 4 provides an overview of the measured parameters to address the hydrosedimentary processes at the different temporal and spatial scales. Figure 5 provides an overview of the instrument layout in the inter-tidal area (red box in Fig. 2c ). Local and small-scale processes, in particular in relation to boundary layer processes, were addressed trough different instruments (Section 3.2.1) deployed in the swash and inter-tidal surf zone. The large-scale morphologic evolution was essentially addressed using qualitative description of the parameters (Section 3.2.2). Finally, intermediate-scale processes, essentially surf zone circulation and spatial non-uniformities, were addressed using both Eulerian and Lagrangian approaches (Section 3.2.3).
Instrument layout
Small-scale observations
To understand and predict the cross-shore gradients in the sediment transport and hence beach change, it is important to examine local sediment fluxes. Field data indicate that bedform and grain size are key parameters for nearshore sediment transport. For example, a variety of bedforms results in a widely varying bed roughness, which is an important feedback factor for suspended sediment transport processes in the presence of waves.
A major effort was made to measure the instantaneous local change in bed level. Various techniques to monitor bed-level changes exist (see Thomas and Ridd 2004 for a review), but they are usually designed and applied to relatively 'calm' environmental conditions. The new instruments presented below were used to follow the bed dynamics and estimate sediment fluxes in the swash zone and in the surf zone under higher-energy conditions (Saulter et al. 2003; Masselink et al. 2008; Berni et al. 2009; Arnaud et al. 2009; Emmanuel et al. 2009 ). These instruments include an array of ultrasonic bed-level sensors, optical backscatter stacks and electrical conductivity rods. These instruments were deployed at different positions in the inter-tidal area and thus only provide local information. Some instrumentations were also deployed along cross-shore transects. Future comparison of the small-scale measurements may allow to better evaluate both cross-shore and longshore non-uniformities and thus to explore the interactions between small-scale and intermediatescale processes.
Vertical structures of sediment concentrations under breaking waves and bed-level changes were studied at two locations with a single rig deployed in the inter-tidal area and thus experiencing mainly surf zone conditions. The first deployment was at the neap tide low-water level at the northern end of the study area ( (Ruessink 2010) , two electromagnetic flow meters to measure mean and oscillatory flows, one acoustic and seven optical backscatter sensors to measure sediment concentration within 1 m above the bed, a pressure gauge to measure sea-surface elevation and waves, a sand ripple profiling sonar to obtain bed-state information and acoustic sensors to measure bed levels. All instruments were cabled to a central logging unit that triggered all instruments each half-hour to ensure synchronous measurements. The ADVOcean probes and the triple-frequency (1, 2 and 4 MHz) acoustic backscatter sensor (ABS) sampled for 24 min and 40 s each half-hour at 10 Hz. The downwardlooking ABS sampled the water column and bed with at 5-mm vertical bin resolution. The 2-MHz ripple profiler scanned a cross-shore profile five times during the approximately 5 min that the ADVOcean probes and the ABS were not taking measurements (so the acoustic signals would not interfere). All other instruments sampled continuously at 4 Hz. The logger's internal clock was time-synced to a GPS clock at its first deployment and deviated by less than 1 s from a GPS clock after 4 weeks.
Another frame ( Mignot et al. 2009 ). The analysis of the backscattered acoustic intensity is used here for estimating the bed elevation (Berni et al. 2009 ). In addition, a set of optical fibre sensors was designed to measure the state of the medium at different elevations across the water/bed interface. Sensors located 5 cm apart detect (from the backscattering of light) whether a fibre tip is inside the soil, in the water layer or in a sediment suspension. A third set of instruments Druck PDCR 4030 pressure sensors were fixed every 20 cm on a beam embedded in the soil. They were used for measuring the pressure transmission in the soil and possible liquefaction events due to vertical pressure gradients ). Only the upper sensor is used here for determining the water level.
Previous instruments gave detailed information of sedimentary processes in the water column and in the sediment but due to their size and weight could not be moved easily over the area and as a result the detailed information was provided only over a restricted area. To make a more moveable and versatile bed-level sensor, straight rods, with 32 electrical conductivity sensors distributed every 5 cm, were built for Truc Vert'08 ( Fig. 6 , UPPA). Each sensor on the rod measures the electrical conductivity of the surrounding medium in a local volume at the frequency of 10 Hz (see Arnaud et al. 2009 for a more detailed description of the instrument). After data post-processing, the bed elevation relative to the rod is deduced. Results were obtained as long as the surrounding sediments were wet. The surface of the water also can be obtained if it intersects the rod. After an initial trial period during which the rods were deployed one at a time, an array of several rods was deployed in two configurations. From March 20 to 29 (offshore H s =3 m), several rods were deployed in an alongshore array (R1 to R4 in Fig. 5 ) This instrument frame was also used to investigate the bed erosion processes due to phase lag in pressure transmission in the soil and induced water exfiltration (Butt et al. 2001; Mory et al. 2007) at around mean sea level. The rods all worked successfully during a few tides. A more complete and homogeneous dataset was obtained from the April 3 to 8, in a cross-shore deployment involving five rods (not shown in Fig. 5 , Arnaud et al. 2009) .
A large scaffold frame (28 m long and 4 m wide) was constructed on the upper beach around the mean high-tide level and jetted into the sand to serve as a platform for the cross-shore array of instrumentation to measure swash zone sediment dynamics and bed levels (Figs. 7 and 5, referred as UPUNSW). Measurements were made from March 19 to April 4 and over 33 tidal cycles. Swash velocities, water depths and suspended sediment concentrations were measured at five locations along the main cross-shore transect in the swash zone using instruments described extensively by Masselink et al. (2008) . Swash flow velocities were measured using mini-electromagnetic current meters that were carefully positioned and regularly adjusted to enable flow measurements to be taken at 3 cm above the bed. At the central swash rig, swash flows were also measured at 6, 10 and 14 cm from the bed to obtain information on the vertical velocity profile. The main innovative aspect of the swash research was the measurement of high-frequency bed-level data using an array of 45 ultrasonic bed-level sensors (BLS). The sensors are described by Turner et al. (2008 Turner et al. ( , 2009 ) and were mounted approximately 1 m above the bed and arranged in three cross-shore lines of 15 sensors with a spacing of 1.9 m. When mounted perpendicular to the bed, the bed-level sensors make non-intrusive measurements of the vertical distance to the closest target (bed level when the bed is dry and swash height when the bed is submerged) based on the return time of flight of a reflected signal. All instruments were cabled to the shore and data were recorded at 4 Hz using a bank of laptop computers that were time-synced to a GPS clock.
At the same time, a cross-shore array extending from the berm to the low-tide mark (spring conditions) was also deployed to study interaction between groundwater and swash dynamics (Fig. 5, referred as LSEET) . The array consisted of a line of single pressure sensors alternately immersed and emerged during the tide cycle. In addition, several steel bars (up to 2.5 m high) supporting two or three pressure sensors were buried in the sand in order to combine vertical and horizontal characterisation of the water surface for each side of the foreshore surface. All pressure sensors measure relative pressure in comparison with atmospheric pressure (use of vented cables) on a scale of 0-400 or 0-800 mb, with a 0.1% accuracy. They were protected by a porous screen to prevent sediment from infiltrating and touching the sensor (see Turner and Nielsen 1997; Horn 2002) . All instruments were cabled to two data loggers and linked to a network to allow direct synchronized data recording. The data were sampled at a 5.9-Hz frequency. Because of the rapid morphological changes (see Section 4 below) and the numerous impacts of floating objects (tree trunks) on the steel bars, daily topographic surveys using a GPS were performed.
Small-scale processes control bottom boundary layer and bedform processes that determine the local sediment flux but cross-and alongshore variations cause spatial gradients in sediment fluxes resulting in large-scale, planform. There was thus a need to estimate these large-scale modifications in order to allow for possible future comparison of the measurements, which may allow a more synoptic picture of TVB.
Intermediate-scale observations
In the two previous sections, bottom boundary layer, bedform processes and sediment flux were determined locally, typically at small temporal scale ('swash' or 'wave' event) , and the resulting morphological evolution was evaluated at large scales. This section aims at describing intermediate-scale variations in waves, currents and bottom slope, which cause spatial gradients in local sediment fluxes resulting in large-scale planform evolution (e.g. erosion or accretion). Due to very high-energy conditions during most of the field campaign, some of the sensors that were supposed to be deployed in the subtidal area over the outerbar system could not be installed. As a result, only two wave/vertical current profilers were deployed on the horn of the outer crescentic bar, and another was deployed offshore of the inner rip channel (Figs. 2c and 5, vcp) .
Several single-point self-recording pressure and velocity sensors were also deployed on the upper beach face to determine wave transformation and conditions in the shallower areas (Fig. 5 , referred as pv 1 to pv 4). The internal clocks of the instruments were regularly checked Fig. 7 Beach profile at the start of the field experiment with instruments locations and photograph showing the scaffolding structure used for mounting the instruments ). The swash instrument rig depicted by the open circle represents the main instrument rig with the vertical array of current meters and suspended sediment sensors and time-synced to a GPS clock. One horizontal acoustic Doppler current profiler (HADCP; Fig. 5 ) was deployed for a few days in the feeder of one rip channel with an array of single-point acoustic Doppler velocimeters (vec1 and vec2, Fig. 5 ) and an ADCP, all located in the rip channel vicinity (Fig. 5) . The HADCP measurements characterise velocities by the Doppler principle along three beams on a horizontal plane.
A combination of Eulerian and Lagrangian instrumentation was deployed in the inter-tidal surf zone to describe the mean and surf zone-scale fluctuating motions at temporal scales >20 s. A synchronous, 15-Hz coherent seven-element alongshore-lagged array of co-located pressure and horizontal digital electromagnetic velocity sensors mounted to pipes jetted along the inner bar was deployed to record the alongshore wave numbers and frequencies for inter-tidal surf zone infragravity (IG) motions and very low-frequency motions (VLF; discussed in Section 4.3.2). The instruments were located approximately 35 cm from the seabed. All instruments were cabled to the shore and time-synced to an onshore GPS clock (Fig. 5 , referred as puv 1 to puv 7).
Efforts have also been made to define a new method to measure and analyse the spatial structure of VLF motions. Strong correlations between the cross-shore wave celerity time variations, estimated from the time lag between two external pressure sensors (Fig. 5, epoc1, epoc2, Tissier et al. 2009 ) and the VLF cross-shore current oscillations (line epoc1), were observed. This phenomenon can be used as a proxy to analyse the spatial structure of VLF motions from high-frequency wave celerity video observations. GPS-equipped surf zone drifters were deployed on eight different days over a range of wave and tidal conditions to capture circulation patterns and particle pathways (Davis 1991; Schmidt et al. 2005; MacMahan et al. 2010a amongst others), dispersion and diffusion (Spydell et al. 2007; Brown et al. 2009 ), synoptic flow field and exchange rate between the surf zone and inner shelf (MacMahan et al. 2010a; Reniers et al. 2009 Reniers et al. , 2010 . Lagrangian observations associated with GPS-equipped drifters provided new perspectives on surf-zone behaviour that cannot be measured with fixed Eulerian instruments (see Section 4.3.1). The GPSequipped surf zone drifters were designed to minimize surfing in the breaking waves and were shown to closely follow simultaneously deployed dye (see MacMahan et al. 2008 for more drifter details). Depending on field conditions, the number of drifters deployed ranged from 14 to 22 and were deployed in clusters ranging from four to 16 drifters.
Spatial and temporal variability of grain size were measured in the inter-tidal area. To measure bed surface grain size, a digital imaging system (DIS) consisting of a Nikon D70 camera with a macro lens and magnifiers mounted in an underwater housing was used (Gallagher et al., submitted for publication). The DIS is lightweight and easy to handle by a person walking and its position was determined at TVB by a small GPS device worn by the person (accurate to about 10 cm). The digital images are analysed using an autocorrelation technique following Rubin (2004) . In this way, spatial maps of grain size were made of the study region. Sediment was also collected three times at low tide at 357 positions equally distributed over the area with a cross-shore and alongshore resolution of 25 m, thus covering an alongshore distance of 500 m and a cross-shore distance of 400 m. The sampling positions were the same for the three surveys. Samples were analysed using sieving and laser methods. Apart from the notable works by Guillén and Hoekstra (1996) , 1997) carried out during a shoreface nourishment field experiment (Nourtec project), these can be considered as one of the highestresolution (∼20-m spacing) measurements of grain size variability across a large 2DH study region (up to 400 by 500 m) under natural conditions. Daily measurements of sediment porosity using coring techniques on two crossshore lines were also performed.
Large-scale observations
At large scale, the resulting morphological evolution was evaluated by both in situ measurements and remote sensing. Bathymetry surveys were performed over a large area (1 km alongshore by 0.5 km cross-shore), involving large vessels deployed by the French navy and on a smaller area (0.4× 0.5 km) using an instrument-equipped wave runner when wave conditions permitted. Daily topographic surveys of the inter-tidal area on a 900-m longshore stretch were performed with a GPS-equipped ATV in the dry areas or by a walking operator in moderate water depths. A full description of the collection and processing of these data can be found in Parisot et al. (2009) . Remote sensing data consisted of large-scale, high spatial resolution satellite images ) and a continuous collection of daylight 2-Hz video images (NIWA technology, Almar et al. 2010 ) with two cameras deployed on the foredune. Tenminute averages of the instantaneous video images were used for daily tracking of the positions and shapes of the subtidal (outer) and inter-tidal (inner) bar systems throughout the experiment (see Almar et al. 2010) . Attempts were also made to determine mean-water elevation and wave height using stereoscopic methods from the available video imagery.
Results
The aim of this section is to present some preliminary results from the field campaign to highlight the types and breadth of measurements that were made at different spatial and temporal scales. First, emphasis will be given to small-scale processes, presenting unique observations under both moderate conditions (H s <2 m) and extremely energetic conditions (H s up to 8 m). One of the key questions is to investigate whether our knowledge of the hydrosedimentary processes occurring during calm to moderate wave conditions can be extrapolated to extremely energetic conditions or whether other processes take over. Both single swash/wave events and resulting from several swash/waves events 1D cross-shore evolution will be presented. Then, a review of large-scale modifications in beach morphology will highlight that offshore conditions, resumed to a single event, are not the unique driver in the beach response. Spatial non-uniformities in small-scale hydrosedimentary processes and developments will not be presented in the present study because they need further analysis, but possible coupling effects between the nearshore circulation and the underlying morphology will be presented in the last subsections as preliminary intermediate-scale processes.
4.1 Small-scale processes and associated 1D cross-shore evolution 4.1.1 Temporal bed form dynamics in the surf zone The first waves reach the rod about 1 h after the start of recording. The gradual rise in sea level is associated with the upper limit of the dark surface. The sea bottom lies at the transition between dark and lighter areas. A moving average (5 min window) associated with a 0.3-Ωm resistivity value is plotted in white and assumed to be a good approximation of the seabed position as validated by several DGPS measurements at low tide. However, as the seabed under high-energy conditions may not be discontinuous but rather a concentration gradient, the 0.2-Ωm contour is added on the plot in order to show the limit of sea water. Examination of the 0.3-Ωm contour shows that the sand level initially decreases from sensor 13 at t∼1 h to sensor 18 at about mid-tide (t∼5.5 h) which corresponds to an erosion of 15 cm and an erosion rate of 3.3 cm/h. The four oscillations of the sand level are attributed to megaripples propagation. These oscillations have a maximum amplitude of about 20 cm and an approximate period of 40 min. Megaripples were also observed at location UU1 and UU2 (Fig. 5) at low spring tide level. And then finally, the sand level goes back to its initial value located around sensor 13 (deposition rate 13 cm/h).
At UU1, we succeeded in measuring bedform variability during the very high-wave energy period from March 7 to March 16, encompassing the 8.1-m H s storm on March 11. The instantaneous location of the seabed was estimated as the location of the seabed echo in the ABS data. This echo was determined using a thresholding algorithm. Instantaneous bed-elevation series of the three transducers were highly similar (correlation coefficient squared generally exceeded 0.95). The example time series of bed elevation in Fig. 9 indicates that, similar to the observations in Fig. 8 , the bed showed fluctuations on two distinct time scales. Firstly, the seabed oscillated with amplitudes less than about 0.2 m on a time scale of an hour or less. Secondly, the seabed increased or decreased slowly on a time scale of hours. To separate the two types of fluctuations, the instantaneous bed level estimated from the 1-MHz transducer was low-pass filtered with a cutoff of 3 h (e.g. Fig. 9 ). The perturbations of the instantaneous ABS bed-level estimates from the low-pass estimates are believed to be temporal bedform dynamics. The standard deviation, z rms , of these perturbations, determined for each burst, fluctuated with the tide to reach maximum values of 0.05 to 0.1 m around high tide (Fig. 10a, b ). This suggests (Gallagher et al. 2005 ) that bedform amplitudes were the largest at high tide. During low tide, when the rig was not submerged, no ripples were observed near the rig, implying that the swash acted to smooth the seabed completely. Values of z rms were approximately time independent at 0.01-0.02 m during several tides during and following the storm on March 11, suggesting that only then the bed remained smooth (without bedforms) throughout. During these tides, the mobility number ==‹u 2 +v 2 ›/((s−1)gD), where u and v are the instantaneous cross-shore and alongshore velocity at the lowest ADV, the angle brackets represent time averaging, s=2.65 is the specific gravity of quartz sand, g=9.81 m/s 2 is gravitational acceleration and D is the median grain diameter, exceeded ≈150-200, compare Fig. 10c , a. Earlier field observations (e.g. Gallagher et al. 2005 ) also indicated =≈ 150-200 to mark the transition from a rippled to a smooth bed. Interestingly, ψ attained such high values because of the large infragravity motions (Fig. 10d, e) combined with large alongshore currents; during the peak of the storm, the crossshore root-mean-square (rms) infragravity velocity was about 0.8 m/s (Fig. 10d) , and the mean alongshore current was about 1 m/s (Fig. 10e) . The results indicate the potential importance of infragravity waves to erase bed forms during high-wave conditions.
Complete swaths of the sand ripple profiling sonar at UU1 were too infrequent to examine in detail spatial bedform characteristics and their relationship with the prevailing hydrodynamics. Observations beneath non-breaking waves indicate the presence of small-scale (heights of order 0.15 m Fig. 9 Instantaneous bed level (grey dots) with respect to mean sea level estimated from the 1-MHz ABS transducer at UU1 versus time during a single tide. The solid line is the low-pass series computed with a 3-h cutoff. Time 0 corresponds to March 9, 1030 UT and cross-shore lengths of order 0.5 m) wave-driven vortex ripples (Fig. 11a) . Beneath breaking waves but with =<150, larger-scale (cross-shore lengths 1-1.5 m) bedforms with rounded crests (Fig. 11b) or up to ≈0.4-m deep pits (Fig. 11c) with a cross-shore length exceeding the cross-shore swath length, resembling megaripples (Ngusaru and Hay 2004) , were most commonly observed. When =>≈150, the seabed was indeed without bedforms (Fig. 11d) .
Upper beach face hydromorphodynamics along a cross-shore transect
An overview of the hydrodynamic conditions and the morphological development during the 16-day (33 tides) period, extending from March 19 to April 4, of the large scaffold (referred as UPUNSW in Fig. 5 ) is provided in Fig. 12a-c . The offshore significant wave height H s was 2- Fig. 10 Standard deviation z rms of instantaneous bed level with respect to the low-pass bed-level series, b water depth h, c mobility number =, d root-meansquare cross-shore velocity u rms of the (thick line) sea-swell and (thin line) infragravity band and e mean cross-shore ‹u› and alongshore ‹v› velocity versus time at UU1 Fig. 11 Representative examples of seabed configuration at UU1. a Small-scale wave-induced vortex ripples, March 7, 1355 UT; b larger-scale (with respect to a) ripples with rounded crests, March 15, 2055 UT; c a single pit, March 14, 0625 UT and d smooth bed (no bedforms), March 13, 0755 UT. x=0 is directly below the sonar; positive x is offshore directed. The elevation z is with respect to mean sea level. Note that the seabed is dipping (incorrectly) onshore because the sonar had no internal tilt sensor 4 m during tides 6 to 31 (March 21 to April 3) and 1-2 m at the start and the end of the period (see also Fig. 3b ). The highest energy conditions occurred during tides 7 (March 22), 25 (March 30) and 26 (March 21), when the offshore significant wave height H s reached just over 4 m (see also Fig. 3 ). The offshore significant wave period was 4-12 s and showed an overall increase over the duration of the period. Due to the shelter provided by the subtidal and inter-tidal bar systems, the incident wave conditions at the base of the upper beach had a much lower energy, and the inshore significant wave height recorded 20 m seaward of the swash rig (at x=80 m; refer Fig. 7 ) was about 1 m.
The contour plot in Fig. 12c shows the change in beach morphology relative to the average morphology over the field experiment. Compared to the average beach profile, the region affected by high-tide swash processes (i.e. located between the high-tide run-up limit and the hightide water level) has a relative surplus of sediment during tides 1-6 (March 19-21) and tides 21-33 (March 28 to April 4) and a relative lack of sediment in the intermediate period. The reverse is true for the region seaward of the high-tide level, suggesting that the profile response was mainly the result of cross-shore sediment exchange (cf. Masselink et al. 2009, pp 21-23) .
A more detailed account of the morphological development in the high-tide swash zone reveals four distinct phases: modest onshore sediment transport (0-1 m 3 /m of beach width per tide, henceforth referred to as square metres per tide) and berm building during tides 1-5 (March 19-21), significant offshore sediment transport up to 4 m 2 per tide and beach erosion during tides 6-12 (March 21-24), modest onshore sediment transport (about 0.5 m 2 per tide) during tides 13-23 (March 25-29) and minimal net sediment transport and beach stability during tides 24-32 (March 30 to April 3, Masselink et al. 2009 ). The berm building phase was examined by Russell et al. (2009) and is clearly related to the relatively moderate wave conditions that prevailed at the time, possibly enhanced by the increasing tide range, which is known to promote berm building (e.g. Austin and Masselink 2006; Weir et al. 2006 ). Persistently high, and similar, offshore wave conditions occurred during tides 6-23, and wave variability cannot be invoked to explain the erosion-accretion-stability sequence during this period. The initial erosion can be linked to the onset of the high-energy . From top to bottom: significant offshore (continuous line) and inshore (discontinuous line) wave height H mo , significant offshore wave period T s , change in bed level relative to the mean profile over the field experiment (x=cross-shore distance from the base of the dunes), sediment volume change dQ over the high-tide swash zone and beach gradient tanβ in the hightide swash zone. White and black in the contour plot represent a difference in bed level of +0.1 and −0.3 m, respectively, and heavy dashed lines are the approximate run-up limit and the position of the high-tide water level. The offshore wave conditions were measured in 20 m water depth offshore from Truc Vert and the inshore wave heights were recorded at the base of the high-tide beach at x=80 m. The numbers 1-33 at the top of the figure represent the monitored tidal cycles wave conditions and the removal of a small berm on the upper beach, whereas the stability at the end of the monitoring period can be attributed to the establishment of equilibrium.
The explanation for the switch from erosion to accretion during tide 13 (March 25) is less straightforward. Accretion commenced when the tide range began to decrease and the swash processes increasingly encountered a more gentle beach gradient due to the concave-upward shape of the beach profile (note that the changing beach gradient in Fig. 12e does not represent the morphological response but reflects the location of the high-tide swash zone). The highenergy swash conditions acting on the steep upper part of the beach (tanβ=0.07-0.09) during tides 6-12 (March 21-24) were erosive, but similar swash action on the gentler sloping lower part of the beach (tanβ=0.05-0.08) during tides 13-23 (March 25-29) was accretionary, pointing to a beach gradient control of swash zone sediment transport.
A further insight into the relation between beach face morphology and swash zone processes is obtained by focusing on tides 4 (March 20) and 11 (March 24), representing an accretionary and an erosive tide, respectively. Wave conditions during tide 4 (March 20) were some of the lowest energy waves encountered during the field period and net onshore sediment transport prevailed across the 10-12-mwide swash zone ( Fig. 13-left panels) . During tide 4 (March 20), the lower swash zone eroded by about 0.05 m, while the upper swash zone accreted by some 0.08 m. Overall, the high-tide swash zone gained 1 m 2 of sediment (not shown), the upper beach steepened and a small berm was constructed. The swash zone during tide 11 was characterised by a width of 25 m (Fig. 13-right panels) . The upper beach eroded by up to 0.05 m and 0.5 m 2 of sediment was lost from the hightide swash zone. Although net erosion occurred over the high-tide swash zone, a small amount of accretion occurred around the run-up limit.
The differing upper beach responses during tide 4 (March 20) and tide 11 (March 24) occurred due to distinct differences in the inner surf zone and swash hydrodynamics (Fig. 14) . The inshore wave spectrum for tide 4 (March 20) is dominated by an 11-s incident wave peak and a small infragravity peak at 102 s, while the tide 11 (March 24) wave spectrum is characterised by two infragravity energy peaks at 27 and 128 s. In addition to the above insights that identified the role of swash zone processes in forcing the observed beach face accretion and erosion trends during the experiment, the deployment of the extensive array of BLS ultrasonic bedlevel sensors (refer to Section 3.2.1) also enabled net crossshore sediment fluxes associated with many thousands of individual swashes to be quantified (Blenkinsopp et al. , 2011 . It was revealed that, regardless of the direction of net morphological change on a tidal time scale, measured swash-by-swash fluxes are essentially normally distributed, with nearly equal numbers of onshore and offshore events. The majority of swash events caused net cross-shore sediment fluxes smaller than ±50 kg/m and the mean sediment flux per swash O (±1 kg/m) leading to limited overall morphological change. However, much larger events which deposited or removed several hundred kilograms of sand per metre width of beach were observed at irregular intervals throughout the course of the tide.
Measurements recorded in the surf zone 90 m from the foot of the dune (referred as LEGI in Fig. 5 ) are used to discuss the wave-induced change in sand bed. Changes in bed elevation for two series of tides are presented in Fig. 15 . For the first series in March, the frame supporting the instruments was located in the surf zone at high tide as shown by the values of h and H s in Fig. 15a . For the second series in April, the frame was located in the shoaling zone for most tides with significant wave heights barely exceeding 0.6 m (Fig. 15c) . Due to local scour around the beam supporting the optical sensors, the corresponding measured erosion is about 5 cm greater than that deduced from the acoustic system. General trends are nevertheless very similar for both instruments. For calm wave conditions, the average bed level does not change much during the tides (April 5 and 6 in Fig. 15d ). Bed-level fluctuations probably correspond to migrating sand ripples approximately 10 cm high. For higher-energy wave conditions (Fig. 15b) , smaller ripples (about 5 cm high) are observed, but the main feature in bed-level variation is strong erosion of approximately 20 cm at the beginning of each tide and accretion towards the end. The net variation is a slight accretion of about 5 cm per tide on March 24 and 25 and a net erosion of 5 to 15 cm per tide afterwards. This is in agreement with the change in bed level 10 m onshore (at x=80 m) shown in Fig. 12 . These findings therefore confirm the overall oscillation of the upper beach profile during these high-energy wave conditions (with significant offshore wave The top panels show wave spectra computed from the data collected by the inshore wave sensor (at x=80 m, Fig. 7) . The wave spectra were computed for a 34-min section of data collected during the rising tide with an average water depth of 0.8 m so the spectra are directly comparable. The spectra were computed using four nonoverlapping, Hamming-tapered segments and have 8°of freedom. The frequency resolution of the spectra is 0.002 Hz. The other panels show, from top to bottom, time series of swash depth h measured using bed-level sensor deployed at x=52 m, Fig. 7 ; time series of crossshore current velocity u measured at x=52 m (Fig. 7) and contour plot showing the time-space change in the swash motion expressed by the swash depth measured with the bed-level sensors. The colour axis runs from 0 (dark red) to 0.8 m (dark blue). The 150-s time series represents high-tide conditions for tide 4 and rising tide conditions for tide 11 heights H s of 2 to 3 m): The beach slope first becomes flatter until March 26 and then steepens afterwards. Moreover, the initial erosion and final accretion within the tidal cycle also probably indicate an oscillation of the upper beach profile during each tide. The swash-induced beach response shown for March 24 in Fig. 13 is also asymmetric with slight accretion at the beginning of the tide and stronger erosion after high tide. Associated with the measurements at x=90 m in Fig. 15b , this would suggest that the upper beach profile steepens during the rising tide and becomes flatter during the ebb tide. Figure 16 presents an example of the comparison of pressure heads between two overlying sensors (Fig. 5  referred as LSEET) . The upper sensor, referred to as H0, is located just below the sand surface while the lower one, called H1, is 0.9 m below the sand surface. In this example, the significant height of incoming swell waves was 4 m and the tidal range was 3.75 m. Measurements start nearly at low tide, and the duration is around 3 h. Vertical axis is pressure head calculated from pressure data from which water surface elevation can be deduced assuming a hydrostatic pressure distribution and accounting for the vertical position of the sensor. At low tide, only the lower sensor is saturated by water, clearly indicating that the watertable (or phreatic surface) is located between the sensors. Using the estimation of Turner and Nielsen (1997) , the capillary fringe height is expected to be around 20 cm, i.e. the upper sensor is above the fully saturated region. The upper sensor is at atmospheric pressure and the constant water level shown until t=44,800 s thus corresponds to the position of the H0 sensor. As the tide starts to rise, i.e. 42,500<t<45,000 s, the lower sensor measures the slow and regular rise in the water table in the sand. Then, at t= 44,800 s, two simultaneous peaks are observed on both sensors, each measuring a rise of around 0.1 m. This feature repeats itself several times until the watertable reaches the upper sensor around t=46,000 s. The return period is of the order of 150 s, i.e. in the infragravity spectrum. One interesting feature is that the lower sensor peak does not reach the same water elevation that the upper one. As the upper sensor is above the phreatic surface, the dynamics is different from the one presented by Turner and Nielsen   Fig. 15 a, (1997) in which pressure oscillations are due to the fluctuations of the atmospheric pressure surface elevation than in the zone of tension saturation, in response to incoming waves. Here, the simultaneous responses of each sensor are not simply due to the rise of the phreatic surface, which would be revealed by the same water levels for both sensors. It appears that the water layer brought by the swash event rapidly infiltrates and is felt by the upper sensor which is located just below the sand surface. At the same time, a groundwater pressure wave hits the lower sensor. This increase of pressure is necessarily associated with a rise of the phreatic surface, but which is not sufficient for the top of the capillary fringe to reach the upper sensor. It is also worth noting that a decrease in pressure is measured on the upper sensor after each swash event, which corresponds to a period of negative relative pressure as the water layer sinks into the sand. By contrast, the lower sensor indicates an increase in water height between the swash peaks confirming that pressure measurements are not simply linked together by the phreatic surface fluctuations. This trend is repeated for the first three swash events of the incoming tide. Between t=45,500 s and t=46,000 s, a transition period is observed during which the upper sensor progressively enters the capillary fringe, allowing for the surface of atmospheric pressure to rise up to the free surface during the swash overtopping. From t=46,000 s, the sensor is directly exposed to the swash beat and the frequency of recorded swash waves greatly increases. An extensive analysis of data is under way to explore to what extent the groundwater dynamics is dependent upon the forcing conditions.
Preliminary observations of watertable dynamics along a cross-shore transect
c Water depth (thin line) and significant wave height
Large-scale morphology evolution during the field experiment
In the precedent section, detailed observations of smallscale bed-level change have been reported; here we present an overview of large-scale observations. Two weeks before the beginning of the field experiment, TVB had a well-developed crescentic subtidal bar system (Fig. 17a) , typical of previous observations (Lafon et al. 2004; Castelle et al. 2007 ) with a mean wavelength of about 620 m and a symmetrical shape. A transverse bar and rip system is also observed in the inter-tidal domain. No berm was present, but a well-developed embryo dune area was observed.
The outer bar was situated about 400 m from the midtide shoreline. At the beginning of the field experiment (March 3), the outer bar was unchanged but the inner bar was relatively 2D with an alongshore-averaged cross-shore position of 100 m from the shoreline. During the 8.1-m H s storm (on March 11), video images showed the straightening of the outer bar and its migration 100 m offshore after about 1 day (Almar et al. , 2010 . The outer bar straightening resulted, in part, from the break-off of the former outer-bar horns from the outer bar. These former horns migrated onshore and welded to the inner bar creating a large input of sand from offshore, despite the severe wave conditions (see Almar et al. 2010 for a complete analysis of the process). In contrast to the outer bar, inner bar alongshore non-uniformity increased during the storm, but its alongshore-averaged position remained largely unaltered. The increase in the alongshore non-uniformity of the inner bar was ascribed to the welding of the former outer-bar horn. Video coverage of a 1,200-m alongshore distance over the inner bar enabled this process to be observed continuously, but only over a single outer-bar horn. Bathymetric surveys performed along a 2,400-m alongshore distance at the end of the field experiment (Fig. 17b) suggest that similar processes might also take place at the other former outer-bar horn positions.
Analysis of topographic surveys showed that peak erosion of the upper part of the beach lagged the storm peak by 1 day ). It is believed that this is linked to the weakened protection of the outer bar associated with its offshore migration. The data have also revealed that the erosion was not uniform in the cross-shore and alongshore directions ). This is consistent with visual observations at the instrument rigs. Several rigs were severely damaged due to the considerable seabed erosion whereas, at the same time, the seabed at other rigs did not erode at all. Nevertheless, overall this induced a straightening of the contours on the beach face (Rejas et al. 2009 ). The combination of high waves and spring tide (tidal range close to 4.5 m) also eroded the base of the embryo dune at several locations (about 1 m, ).
Another storm occurred 5 days after the 8.1-m H s storm, which was less intense and coincided with neap tidal conditions. This storm on March 15 did not affect the outer bar but the inner bar increased its alongshore nonuniformity (Almar et al. , 2010 . The former outerbar horn was still observed to be welded to the inner bar. Similarly, an increase in undulating patterns was observed on the lower beach face (Rejas et al. 2009) .
After this second storm, TVB experienced a long period (14 days) of high-energy swell conditions (H mo ranging between 2 and 4 m). During this period, the outer bar developed crescentic patterns (Fig. 6b ) that migrated about 200 m southward, with negligible overall crossshore migration (Almar et al. 2010) . The undulating patterns on the lower beach face during this period increased drastically (Rejas et al. 2009 ) and migrated southward by about 100 m.
The observed morphological changes were reflected in the sand grain size maps that were collected (Gallagher et al., submitted for publication) . Five grain size surveys were completed over the inner-bar region (March 14, 17 and April), and grain size was found to be coarser in the deep rip channels, finer on the migrating shoals and finest higher on the dry beach. In addition, this spatial pattern of grain size variability changed with the bathymetry as storm waves forced the inner bar to change shape and the rip channel-shoal system migrated.
Intermediate-scale hydrodynamic processes
In the two previous sections, the focus was essentially on morphologic changes at different spatial and temporal scales, including single swash/wave events to several swash/wave events (1D cross-shore berm dynamic) and finally the large-scale evolution of the beach. In this section, we will present preliminary results on the impact of this evolving surf zone bathymetry on nearshore currents that depend strongly on this bathymetry.
Mean inter-tidal surf zone circulation patterns
There was significant bathymetric variability within the inter-tidal surf zone (Fig. 5 ) that induced unique surf zone circulations that were strongly affected by the tides. As it is difficult to describe these circulation patterns with fixed Eulerian instruments, GPS-equipped drifters were released in the inter-tidal surf zone.
On April 1, the wave conditions were near normally incident (H s =1.8 m, T mo =11 s and θ mo =15°in 20 m water depth), the drifters moved in a counter-clock wise pattern (upper left panel of Fig. 18 ) on the southern side of the rip channel at y=400-550 m. The closed surf zone circulation pattern was coupled with the inter-tidal morphology and contained within the active breaking region and resulted in minimal inter-tidal surf-zone drifter exits (upper left panel of Fig. 18 ; consistent with MacMahan et al. 2010a ). The subtle (average rip channel slope 1:65) alongshore bathy- Ocean Dynamics (2011 Dynamics ( ) 61:2073 Dynamics ( -2098 metric variation is responsible for the development of this flow, as the morphologic variations create alongshore variations in depth-limited wave breaking that in turn induce alongshore gradients in pressure and momentum, driving water from the shallow shoals toward the (rip) channels generating rip current circulation patterns (Bowen 1969; Dalrymple 1978) . The flow pattern developed near mid-tide. For most previously studied field mesotidal ripchannelled beaches, rip current flow patterns increase with decreasing tidal elevation due to the concomitant increase in the alongshore pressure and wave momentum gradients (Brander 1999; Brander and Short 2000; MacMahan et al. 2005 ; amongst others). Interestingly for Truc Vert beach, the mesomacrotidal range causes the inter-tidal bar morphology to be exposed during low tides resulting in a lowtide cutoff of the rip current development. As a result, rip currents at Truc Vert develop around mid-tides (Castelle et al. 2007; Austin et al. 2009; Bruneau et al. 2009 ) and are non-existent at low tides.
Also observed on April 1 near the shoreline was the development of two smaller clockwise circulations, highlighting the complexity of the circulation patterns associated with the inter-tidal morphology (upper right panel of Fig. 18 ). This is the first field evidence of these smaller shoreline circulations patterns, which were first found in the laboratory by Haller et al. (2002) . It is suggested that a reversal of alongshore pressure and wave forcing gradients develop near the shoreline that induce the clockwise circulation patterns. The shoreline circulation patterns were not observed at Sand City, Monterey (MacMahan et al. 2010a ). This difference is believed to be related to the steeper sloping subaerial beach face at Sand City relative to the milder sloping beach face at Truc Vert.
On March 19 (H s =1.3 m, T mo =12.3 s and θ mo =70°), an alongshore current developed owing to the larger angle of wave incidence related to the storm. To map the alongshore current, drifters were released farther up the beach to the north. The drifters migrated towards the south at ∼1 m/s until they encountered the rip channel around y=450 m, which was oriented obliquely to the shoreline and normal to the angle of wave incidence, causing the drifters to make an abrupt directional change moving seaward through the channel (middle panel of Fig. 18 ). This was a surprising deviation from their alongshore migration pathway which highlights the influence of local morphologically induced flow behaviour. No closed surf zone circulation pattern was observed, as found on April 1. Instead, a number of drifters exit the inter-tidal surf zone that returned onshore farther down the beach at the inter-tidal shoals.
Since a minimal number of drifters exited the inter-tidal surf zone during conditions deemed operationally safe for drifter deployment, little information was obtained about the circulation patterns of the outer crescentic bar. Those that did exit the inter-tidal surf zone were quickly captured and returned to the beach owing to the hazardous breaking wave conditions for personal watercraft operations and limited line of sight. On April 4, the smaller wave conditions (H s =0.9 m, T mo =11.4 s, θ mo =25°) resulted in drifters exiting the intertidal system and floating seaward toward the outer crescentic bar and beyond (lower panel of Fig. 18 ). The reduced wave height resulted in minimal wave breaking at the outer bar and reduction in associated offshore circulation patterns. There is a small deflection in the drifter pathways near the outer crescentic bar suggesting that the bar morphology has an influence. The drifters moved ∼1 km offshore with a constant cross-shore velocity of 10 cm/s. In summary, the observations from the GPS-equipped drifters provided a synoptic view of the inter-tidal surf zone circulation patterns. It was found the inter-tidal morphology had a significant role on the observed circulations and drifter behaviours. The drifter results highlighted new observations of rip current circulations associated with subtle bathymetric variations, flow reversals in the presence of strong alongshore currents and shoreline circulation patterns, as well as rip current flow patterns similar to other rip-channelled beaches.
4.3.2 Inter-tidal infragravity (0.004≤f≤0.04 Hz) and very low-frequency (f≤0.004 Hz) motions IG waves are generated by wave groups made up of directionally spread incident waves. IG waves can be separated into leaky waves and refractively trapped edge waves (Herbers et al. 1995) . VLF motions consist of current shear instabilities (Oltman-Shay et al. 1989; Dodd et al. 2000; Noyes et al. 2004; Haller and Dalrymple 2001 ) and wave-group-forced vortical motions (Ryrie 1983; Reniers et al. , 2007 Long and Özkan-Haller 2009; MacMahan et al. 2010b) .
Both IG and VLFs motions can be coupled to the local bathymetry. This was shown numerically by Bryan and Bowen (1996) and Reniers et al. (2006) for bathymetrically coupled edge waves. MacMahan et al. (2004) used a frequency-alongshore wavenumber (f−k y) analysis to show the presence of bathymetrically coupled VLFs, <0.004 Hz on a rip-channelled beach. To date, IG and VLF motions on beaches with pronounced morphologic variability have only been studied in the field at Sand City, Monterey Bay, CA, USA. The field experiment at Truc Vert provided a new field site to study these motions on a different beach with significant inter-tidal morphologic variations. Furthermore, the behaviour, in particular the alongshore scales of these motions on under significant storm conditions, has not been observed until now.
To examine the potential coupling of IG and VLF motions with the underlying bathymetry, we compare the alongshore length scales in bathymetry and fluid motions. To resolve the frequency-alongshore wavenumber (f−k y) spectrum of the IG and VLF motions a coherent, synchronous, alongshorelagged array (referred as puv 1 to puv 7 in Fig. 5 ) is required. Energy located at k y =0 corresponds to normally incident motions (u velocities only), whereas energy at non-zero k y values corresponds to alongshore propagating motions (presence of v-velocity. f−k y spectra were calculated using the iterative maximum likelihood estimator (IMLE) (Pawka 1983 ) evaluated by Oltman-Shay and Guza (1987) for detection of edge waves and later by Oltman-Shay et al. (1989) for the detection of alongshore current shear instabilities. Each cross-spectral value was normalized so that the diagonals of the cross-spectral matrix are unity. Spectral estimates with 30°of freedom (frequency resolution of 0.0006 Hz) were generated from de-meaned, quadratically detrended 4.8 h records around high and low tide, when the conditions are stationary validated by constant mean velocities. A basic assumption of the IMLE is spatial homogeneity, which is not necessarily expected over bathymetry with quasiperiodic rip channels. Numerical simulations based on field observations found that the IMLE is applicable for a ripchannelled beach (MacMahan et al. 2004; Reniers et al. 2007 ). The f−k y spectra for cross-and alongshore velocities and pressure were computed for the 10-year storm on March 11 and the 5-m H mo storm on March 16 at high tide. For the March 11 storm, puv 6 and 7 were not operational, which reduced the overall array length and the corresponding k y resolution of the IG and VLF motions. The 10-year storm had an oblique angle of incidence generating an alongshore current of 1.1 m/s at high tide in the 3-m water depth. The IG, 0.004-0.04 Hz, rms speed and wave height were 0.66 m/s and 1 m. A high-energy linear ridge for positive k y was observed in the cross-and alongshore velocity f−k y spectra associated with alongshore current shear instabilities. The distribution of the alongshore velocity energy density is not symmetric with respect to k y =0 m −1 and as a result does not match the theoretical constant-slope edge-wave dispersion curves (left middle panel in Fig. 19 ). This can be attributed to the presence of a strong alongshore current velocity on which the edge waves refract resulting in smaller (larger) k y for edge waves propagating with (against) the alongshore current (Howd et al. 1992 ). This effect is partly obscured by the earlier mentioned reduced k y resolution of the alongshore array (Fig. 19) . A strong frequency nodal structure is observed in the f−k y spectra and in the k yintegrated spectra related to cross-shore standing IG motions.
Interestingly, the lower-frequency IG motions have the highest energy levels. No relationship was found between the IG and VLF motions and inter-tidal morphology during this extreme storm. It is hypothesized that the advection by the strong alongshore current inhibits the coupling of IG and VLF motions with the inter-tidal bathymetric features. During the 5-m H s storm, the angle of wave incidence was relatively shore-normal producing minimal alongshore currents. The IG rms speed and wave height were 0.37 m/s and 0.5 m. Energy peaks occur in the VLF band around k y =±0.004 m −1 for the cross-shore velocities and broad energy around k y =0 m −1 for the alongshore velocities (Fig. 19) . The cross-shore velocity energy peaks correspond to the inter-tidal rip channel spacing for that day. The f−k y spectral response is similar to observations by MacMahan et al. (2004) on a rip-channelled beach, suggesting that the rip current flow patterns are oscillating predominantly in the Fig. 19 f−k y spectra computed using the IMLE method for crossshore (top row), alongshore (middle row) velocities and pressure (bottom row) for the alongshore array for the 8.1-m H s storm on March 11 (left columns) and the 5-m H s storm on March 16 (right columns) at high tide. Corresponding k y -integrated spectra plotted to the right of the f−k y spectra. Lines represent mode 0 (dash-dot), 1 (dash-dash) and 2 (dot-dot) edge wave dispersion curves for a planar beach using an inter-tidal beach slope of 1:25 (Eckart 1951) . Bold lines are k y =f (gh) −1/2 . Velocity and pressure colour scales are at the top of each f−k y column cross-shore and minimally in the alongshore. Within the IG frequency band, high edge-wave energy density for the alongshore velocity is symmetrically distributed around k y =±0.004 m −1 consistent with the inter-tidal rip-channel spacing and the absence of a strong alongshore current. A similar frequency nodal structure is observed in the f−k y spectra and in the k y -integrated spectra that have higher IG energy levels occurring at lower frequencies, but with reduced energy compared to the 10-year storm. Persistent bathymetrically coupled IG and VLF motions sustain morphological features ). The present results suggest that in the case of a strong alongshore current, this coupling is absent, as observed during the 8.1-m H s storm, which could have important consequences for the ability of the inter-tidal beach to reset the morphological length scales.
Summary
The Truc Vert'08 field experiment has provided new observations that incorporate extreme storm waves (significant wave height up to 8.1 m in 20 m water depth), macro-tidal conditions and complex 3D morphology. Results indicate that our knowledge of the hydrosedimentary processes occurring during calm conditions cannot be simply extrapolated to extreme conditions. For example, during the 8.1 H s storm, large inputs of sand from offshore are observed, as a resulting of the former outer-bar horns breaking off from the outer bar (Fig. 17) . Observations also indicate that the peak of erosion of the upper part of the beach lagged the peak of the storm. Small-scale, high-frequency observations also indicate that wave variability cannot be invoked to explain the erosion-accretion-stability sequences observed in the morphological development in the high-tide swash zone (Fig. 12) . Data also confirm the shift to lowerfrequency processes of both large-scale hydrodynamic processes such as surf currents (Fig. 19) and hydrosedimentary processes on small scales such as swash processes (Fig. 14) during high-energy events.
Overall oscillations of the upper beach during the highenergy conditions are observed (Figs. 11 and 15) . Blenkinsopp et al. (2011) revealed that, regardless of the direction of morphological change on a tidal time scale, measured swashby-swash fluxes are essentially normally distributed, with nearly equal numbers of onshore and offshore events, suggesting an oscillation of the upper beach profile during each tide. Bed-elevation measurements during high-energy forcing indicate that the upper beach profile steepens during the rising tide and becomes flatter during the ebb tide (Figs. 13 and 15) . Observed temporal bedform variability in the surf zone also reveals that the seabed fluctuates on two distinct time scales (Figs. 8 and 10 ) under low-and highenergy conditions. Low-pass instantaneous bed-level estimates are associated with temporal bedform dynamics with amplitudes varying with tide but which can be completely smoothed during extremely high-energy events (Fig. 11) , possibly because of strong infragravity motions.
Preliminary results clearly describe the behaviour of complex processes taking place at different space and time scales. Video analysis, including for example run-up dynamics and its interaction with the upper beach face, as well as the impact of underlying morphology are still in progress and preliminary results indicate possible saturation of infragravity motions under very high energetic conditions (Sénéchal et al. 2011) . Further analysis at each spatial and temporal scale and their future merging should allow to better assess the relationships between the small-scale, intermediate-scale and the large-scale beach processes. At the same time, numerical modelling works should allow for a more in-depth study of the alongshore and cross-shore non-uniformities to better evaluate the intermediate scale.
